This paper reports the results of an extensive study of the internal energy-transfer processes that occur in benzene -argon collisions. We used laser -induced fluorescence (LIF) and information theory for determining the energy-transfer rates between internal states of benzene in the ground electronic state (1Aig). The use of information theory gives estimates for all of the vibrational energy transfer rates. These fit the experimental data reasonably well.
Introduction
The purpose of this study was to measure the rates of vibrational energy transfer in benzene -argon collisions, C6H6(V) + Ar > C6H6(V') + Ar , (1) where V and V' represent different vibrational states of the lAig (ground) electronic state of the benzene molecule. Reference 1 gives more detailed information on this study.
The technique used was LIF spectroscopy with and without a preceding CO2 laser pulse.
The LIF technique provides an excellent method for measuring changes in vibrational state populations induced by absorption of CO2 laser radiation and subsequent collisional processes.
Our objective was to measure the change in population of as many vibrational states as possible. Most of these states involved excitation of modes v18 (pumped by the CO2 laser), v16 (the lowest frequency mode), v6 (the major enabling mode for the electronic transition), and vl (the totally symmetric ring stretch). We measured population changes in 22 different vibrational states.
For data analysis we used an information -theory approach,2'3 where the experimental data constrained the statistical formulation of the rates of energy transfer.
The method provides estimates of rate constants for all processes of the type of Eq. (1) . The estimated rate constants were consistent with the available data, but they were not necessarily uniquely specified. Additional experimental data would allow one to more precisely determine the rate constants.
The ultraviolet absorption spectrum of benzene4,5 between 36000 cm -1 and 46000 cm -1 consists of many discrete vibronic bands that connect the ground electronic state (1A10 and the lowest excited single state (1B2u). We use the nomenclature of Reference 4 for the vibronic transitions.
In the example 66181, the v6 quantum number is 0 in the lAig and 1 in the 1B2u state.
The v18 quantum number is 1 in both states. All other vibrational quantum numbers are zero in both states.
Experiment
The experimental procedure was to measure the intensity of the fluorescence from benzene vapor (in argon diluent) upon excitation with a pulsed ultraviolet laser.
In each alternate irradiation a CO2 laser pulse preceded the uy pulse by 0.5 Ns.
Its duration was about 100 ns.
The intensity of the fluorescence from the 1B2u electronic state depended on the wavelength of the uv laser and hence, on the population in a given vibrational (and rotational) level of the electronic ground state (1Aig).
The CO2 laser pulse and molecular collisions both alter the population distribution in the benzene internal states.
The change in that distribution as a function of diluent (argon) pressure is the information that gives the energy-transfer rates.
The CO2 laser frequency was in the spectral region of the v18 absorption band; therefore, those states with nonzero v18 quantum numbers attain the highest population. *Current address: Chemistry Division, Los Alamos National Laboratory, Los Alamos, NM 87545. #Current address: Department of Chemistry, Cornell University, Ithaca, NY
Introduction
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The experimental data were of two types: uv frequency scans at constant benzene and argon partial pressures (Figures 2 and 3) , and argon pressure scans at a constant uv frequency and benzene partial pressure. Each scan gave the fluorescence-excitation signal with and without the CO2 laser.
From these signals we obtained the changes induced by the CO2 laser in the population of different vibrational levels. The model is a set of differential equations that describes the flow of population among the vibrational and rotational states of benzene vapor. The population-transfer processes are collisional transfer of rotational energy, collisional transfer of vibrational energy, and absorption and emission of infrared radiation. Table 2 gives the important features of the model.
The processes that change the vibrational state of the benzene molecule are of two types:
collisional and radiative processes.
The quantities a and I(t) in the radiative part of the rate constant matrix (Table 2 ) are, respectively, the benzene absorption cross section for the CO2 laser and the intensity profile of the laser pulse. The quantity kc in the collisional part of the matrix is the rate constant for hard sphere collisions.
The collisional processes are of two types: rotational energy transfer and vibrational energy transfer.
The major role of rotational energy transfer is to change the molecule from rotational states that do not absorb the CO2 laser to those that do.
The decrease in population of the 00 state with increasing pressure (Figure 6 ) is mainly due to rotational relaxation during the CO2 laser pulse.
This collisional process transfers molecules from nonabsorbing to absorbing rotational states.
The fraction of molecules initially in absorbing rotational states depends somewhat on the vibrational state.
That fraction was an adjustable parameter in fitting the experimental results. The derived fraction was between 0.5 and 1.0° %, for the states of interest. 
Results and discussion
The experimental data were of two types: uv frequency scans at constant benzene and argon partial pressures (Figures 2 and 3) , and argon pressure scans at a constant uv frequency and benzene partial pressure. Each scan gave the fluorescence-excitation signal with and without the C02 laser. From these signals we obtained the changes induced by the CO2 laser in the population of different vibrational levels. The model is a set of differential equations that describes the flow of population among the vibrational and rotational states of benzene vapor. The population-transfer processes are collisipnal transfer of rotational energy, collisional transfer of vibrational energy, and absorption and emission of infrared radiation. Table 2 gives the important features of the model.
The processes that change the vibrational state of the benzene molecule are of two types: collisional and radiative processes. The quantities a and I(t) in the radiative part of the rate constant matrix (Table 2 ) are, respectively, the benzene absorption cross section for the C02 laser and the intensity profile of the laser pulse. The quantity k in the collisional part of the matrix is the rate constant for hard sphere collisions. c
The collisional processes are of two types: rotational energy transfer and vibrational energy transfer. The major role of rotational energy transfer is to change the molecule from rotational states that do not absorb the CO2 laser to those that do. The decrease in population of the 0 0 state with increasing pressure (Figure 6 ) is mainly due to rotational relaxation during the C02 laser pulse. This collisional process transfers molecules from nonabsorbing to absorbing rotational states.
The fraction of molecules initially in absorbing rotational states depends somewhat on the vibrational state. That fraction was an adjustable parameter in fitting the experimental results.
The derived fraction was between 0.5 and 1.0% for the states of interest. LIF spectrum in the region of 37500 cm-1 with frequencies marked for typical pressure scans. The gas sample was the same as Figure 2 . The squares with error bars are in the experimental data (from spectra like Rates of vibrational energy transfer estimated by using information theory to fit the experimental data We used an information theory approach as outlined in Table 2 to estimate those rates.
The two adjust- The final adjustment to the model was an indirect restriction on the number of vibrational quantum numbers that change per collision.
The adjustment was mainly a restriction on the total rate of energy transfer from a single state.
The small dots in Figures 2 and 3 and the solid lines in Figures 4 -6 are the model predictions for the experiments. The agreement with the experiment was good. The main area of disagreement between the experiment and the model was for states with high levels of vibrational excitation.
A better method for including restrictions on the number of quantum numbers changing per collision would probably correct much of this disagreement. Table 3 gives some representative rate constants that follow from the fitting procedure.
The values in the table are predictions of the model and not direct measurements of the stated rates.
The processes that are most sensitive to the experimental data are those involving the v18 mode. The first three entries are nearly completely insensitive to the vibrational energy transfer rates.
(They depend strongly, however, on the rotational relaxation rate and the fraction of molecules in absorbing states.)
We have included them to show the model predictions. The vibrationa'l energy transfer plays a major role in the experiments. We used an information theory approach as outlined in Table 2 to estimate those rates. The two adjustable parameters, A 0 and A l7 provide most of the adjustment necessary to fit the experimental data. The values we obtained were A Q = 7.50
The final adjustment to the model was an indirect restriction on the number of vibrational quantum numbers that change per collision. The adjustment was mainly a restriction on the total rate of energy transfer from a single state. The small dots in Figures 2 and 3 and the solid lines in Figures 4-6 are the model predictions for the experiments. The agreement with the experiment was good. The main area of disagreement between the experiment and the model was for states with high levels of vibrational excitation. A better method for including restrictions on the number of quantum numbers changing per collision would probably correct much of this disagreement. Table 3 gives some representative rate constants that follow from the fitting procedure. The values in the table are predictions of the model and not direct measurements of the stated rates. The processes that are most sensitive to the experimental data are those involving the v 18 mode. The first three entries are nearly completely insensitive to the vibrational energy transfer rates.
(They depend strongly, however, on the rotational relaxation rate and the fraction of molecules in absorbing states.) We have included them to show the model predictions. In summary, the LIF technique provides an excellent method for monitoring the rates of vibrational energy transfer in the ground electronic state of species like benzene. By varying the pressure of an argon diluent, we obtained information that allowed us to estimate the rates of vibrational energy transfer in argon-benzene collisions.
The information -theory technique provided a good method for estimating all of the vibrational rates.
The results confirm that the transfer rate depends strongly on the energy defect and gave a measure of that dependence.
Additional restrictions, such as those on the number of vibrational quantum numbers changing per collision, may also be important. In summary, the LIF technique provides an excellent method for monitoring the rates of vibrational energy transfer in the ground electronic state of species like benzene. By varying the pressure of an argon diluent, we obtained information that allowed us to estimate the rates of vibrational energy transfer in argon-benzene collisions.
The information-theory technique provided a good method for estimating all of the vibrational rates. The results confirm that the transfer rate depends strongly on the energy defect and gave a measure of that dependence.
Additional restrictions, such as those on the number of vibrational quantum numbers changing per collision, may also be important. 
